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Retinoic acid (RA) is an embryonic signaling molecule regulating a wide array of target genes, thereby being a master regulator of patterning
and differentiation in a variety of organs. Here we show that mouse embryos deficient for the RA-synthesizing enzyme retinaldehyde
dehydrogenase 2 (RALDH2), if rescued from early lethality by maternal RA supplementation between E7.5 and E8.5, lack active RA signaling in
the foregut region. The resulting mutants completely fail to develop lungs. Development of more posterior foregut derivatives (stomach and
duodenum), as well as liver growth, is also severely affected. A primary lung bud is specified in the RA-deficient embryos, which fails to outgrow
due to defective FGF10 signaling and lack of activation of FGF-target genes, such as Pea3 and Bmp4 in the epithelium. Specific Hox and Tbx
genes may mediate these RA regulatory effects. Development of foregut derivatives can be partly restored in mutants by extending the RA
supplementation until at least E10.5, but lung growth and branching remain defective and a hypoplastic lung develops on the right side only. Such
conditions poorly restore FGF10 signaling in the lung buds. Explant culture of RALDH2-deficient foreguts show a capacity to undergo lung
budding and early branching in the presence of RA or FGF10. Our data implicate RA as a regulator of gene expression in the early embryonic lung
and stomach region upstream of Hox, Tbx and FGF10 signaling.
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Regulated formation of organs such as the lung, stomach,
liver and pancreas is essential for their later physiological
functions in processes such as respiration and food digestion.
All the forementioned structures derive from the embryonic
foregut. Where organs arise is tied to anteroposterior (AP)
positional information in the foregut, which is then translated
into organ-specific signaling. Several signaling factors such as
Sonic hedgehog (Shh), fibroblast growth factors (FGFs), bone
morphogenetic proteins (BMPs) and retinoic acid, engage in⁎ Corresponding author.
E-mail address: karenn@bcm.tmc.edu (K. Niederreither).
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doi:10.1016/j.ydbio.2006.05.019cross-talk between the mesoderm and endoderm so that struc-
tures can correctly undergo region-specific morphogenesis and
initiate their organ-specific developmental programs (for
reviews see Shannon and Hyatt, 2004; Cardoso and Lu,
2006). Understanding how networks of regulatory signals act
during digestive and respiratory organogenesis may allow to
understand the aetiology of congenital malformations, such as
oesophageal atresia and tracheo-oesophageal fistula, that are
relatively frequent in humans (Felix et al., 2004).
In the case of the lung, cross-tissue signaling interactions
have been shown to regulate budding morphogenesis. For
instance, endodermal Shh expression in the ventral wall of the
foregut regulates proliferation and differentiation of the
splanchnic mesoderm, which in turn is required for differen-
tiation of the endoderm. The lungs of Shh null mutant mice
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defect. Shh mutants also display oesophageal atresia and/or
stenosis and tracheo-oesophageal fistula (Litingtung et al.,
1998; Pepicelli et al., 1998). Other key players that regulate
lung branching include BMP4, FGF10, and Nkx2.1 (formerly
known as Ttf-1; Lazzaro et al., 1991), a homeoprotein that
labels the lung field in the developing foregut (for review see
Chuang and McMahon, 2003; Cardoso, 2001). FGF10 and its
receptor FGFR2b are locally expressed at respective mesen-
chymal and epithelial regions of the budding lung. Several
genetic approaches, including conditional inactivation of
Fgfr2b, indicate that FGF signaling is required throughout
branching morphogenesis for proper growth of the lung buds
(Peters et al., 1994; De Moerlooze et al., 2000; Celli et al.,
1998). FGF10 locally induces and guides bud growth, by
promoting endodermal proliferation and chemoattraction
(Bellusci et al., 1997a; Park et al., 1998; Weaver et al., 2000).
BMP4 is induced at the tips of the growing lung buds in
response to FGF10 where it can antagonize FGF-induction
of bud outgrowth (Lebeche et al., 1999; Weaver et al.,
2000), thereby regulating lung branching (Bragg et al., 2001;
Shi et al., 2001). In addition, two T-box transcription factors
(Tbx4 and Tbx5) expressed in overlapping patterns during
lung budding (Chapman et al., 1996) regulate Fgf10 ex-
pression and lung budding (Cebra-Thomas et al., 2003;
Sakiyama et al., 2003).
Retinoic acid (RA), the active derivative of vitamin A, is a
diffusible molecule implicated in pharyngeal mesendoderm
patterning and lung formation. Disruption of RA signaling
results in numerous teratogenic effects, including lung dys-
morphogenesis (Wilson et al., 1953; Shenefelt, 1972; Dickman
et al., 1997). The abnormalities are similar to defects seen in
compound knockout mouse mutants for the RA receptors (RAR)
α and β (Mendelsohn et al., 1994), possibly because the same
molecular targets are altered by deficiency of RA signaling.
When a synthetic pan-RAR antagonist is administered to lung
explants, expression of Nkx2.1 and Fgf10 is inhibited in the lung
field (Desai et al., 2004).
Here we use knockout mutants for retinaldehyde dehydro-
genase 2 (RALDH2), an enzyme required for early embryonic
RA synthesis (Niederreither et al., 1999), to characterize the
RA-dependent molecular events associated with foregut and
lung development. These mutants die at midgestation (E10.5)
due to defective heart morphogenesis (Niederreither et al., 1999,
2001), and show almost no sign of early lung bud de- velopment
(Desai et al., 2006). Providing exogenous RA via maternal sup-
plementation can rescue their survival until birth, allowing
examination of how stage-dependent RA-deficiency affects
various developmental events. We thus show that several steps
in lung development require RA synthesis. Analysis of mutants
after short-term rescue indicates that endogenous RA acts
upstream of the FGF-dependent signals required for lung
budding. Supplying RA during later stages restores lung bud-
ding and in some cases branching, but over- all coordinated lung
growth never occurs. Moreover, we found that early stomach
and liver development also requires retinoid regulation of FGF-
dependent signaling pathways.Materials and methods
The generation of Raldh2-null mutant mice has been described
(Niederreither et al., 1999). The defects investigated in this study were
obtained after RA supplementation of the maternal food : all-trans RA (Sigma)
from a 5 mg/ml ethanol stock suspension was diluted in 50 ml water and mixed
with 30 g powdered food (irradiated PicoLab rodent diet 20) at a final
concentration of 100 μg/g food (E7.5 to 8.5) or 350–500 μg/g (E8.5 onwards).
The resulting food paste was provided to the pregnant mice in a Petri dish
wrapped in aluminium foil. For RA supplementations extending 24 h, the RA
mixture was renewed and cages changed daily.
For histology, mouse fetuses were skinned, fixed in Bouin's fixative,
decalcified, paraffin-embedded and serially sectioned (7 μm), according to
standard histopathological procedures. Sections were stained with Mallory's
tetrachrome. Whole-mount in situ hybridizations with digoxigenin-labelled
riboprobes were performed as described (Chotteau-Lelièvre et al., 2006), using
an Intavis InSitu Pro robot. The detailed robotic procedure can be found at http://
www.eumorphia.org/EMPReSS/servlet/EMPReSS.Frameset (gene expres
sion section). In situ hybridization was also performed on 100 μm vibratome
sections, that were processed in the same robot. Whole-mount X-gal assays of
embryos carrying a RARE-hsp68-lacZ reporter transgene, which harbors a
tetrameric repeat of the RARβ2 RARE linked to the hsp68 minimal promoter,
were performed as described (Rossant et al., 1991). Immunostaining with the
phospho-p44/p42 Map kinase (p-ERK1/2) antibody (Cell Signaling) was
performed according to the protocol available from the Rossant laboratory web
site http://www.mshri.on.ca/rossant/protocols/DpERK%20Immunohistochem.
html.
Foregut explant culture was performed as described in Desai et al. (2004),
with the following modifications. FGF10 (R&D) was supplied in the culture
medium at 100 ng/μl and a small quantity (2–3 drops) was placed directly over
the explant. In experiments involving RA supplementation, all-trans RA
(Sigma) from a freshly prepared stock solution and added to fresh media daily to
assure full activity.
Results
Stage-specific requirement for RALDH2-mediated retinoic acid
synthesis during lung and stomach development
To analyze the development of foregut derivatives in
Raldh2-deficient mutants, we rescued their early lethality by
stage-specific maternal RA supplementation (see Materials and
methods, and Niederreither et al., 2001, 2002). A short-term
24 h supplementation between embryonic day (E)7.5 and 8.5
extends the survival of Raldh2−/− embryos, although most of
the mutants will then die before E18.5 due to an incomplete
rescue of their cardiovascular alterations (Niederreither et al.,
2001). Two mutants (out of 12 litters) could however be
analyzed histologically at E18.5. Both exhibited a complete ab-
sence of lungs (Figs. 1A, B). No trachea or bronchi were detec-
ted, although a rudimentary tracheal outgrowth was tentatively
identified along the mediastinal foregut (Fig. 1E). More pos-
teriorly, the foregut cavity had failed to differentiate into an
oesophagus (Fig. 1B). A rudimentary stomach was present, with
a columnar epithelium lacking squamous or glandular differ-
entiation (Fig. 1F). Posteriorly, the foregut ended blindly at the
level of the hepatic ducts (Fig. 1F, inset), and jejunal intestinal
loops were found in more ventral sections (Fig. 1C). Thus, the
posterior foregut segment that should give rise to the duodenum
had failed to differentiate and/or had degenerated in mutants.
The liver was well differentiated, although abnormally shaped
in mutants (Figs. 1B, C).
Fig. 1. Defective lung and stomach development in Raldh2−/− fetuses. (A–D) Overall views of the thoraco-abdominal cavity on coronal sections of a E18.5 WT fetus
(A) and two Raldh2−/− mutants after short-term (E7.5–E8.5) (B, C) or extended (E7.5–E13.5) (D) RA supplementation, respectively. The section in panel B is at the
level of the foregut cavity, whereas panel C is a more ventral section at the level of the intestinal loops. (E, F) Details of the putative lung and stomach regions on
different sections of the same mutant (brackets in panel B indicate the corresponding foregut levels). An inset in panel F shows the subsequent ending of the foregut
cavity. (G) Stomach of a Raldh2−/− fetus after extended RA-rescue. (H) Transverse section of a WT lung (compare with panel L). (I–L) Transverse sections of a
Raldh2−/− fetus after extended RA-rescue at the level of the carina, where the two stem bronchi and the trachea connect (I), the stem bronchi (J), the abortive left
bronchus (K) and the unilateral right lung (L). (M–P) High-power magnifications of terminal bronchi (M, N) and peripheral developing alveolar saccules (O, P) in a
WT and Raldh2−/− fetus after extended RA supplementation. Tetrachrome staining. fg, foregut; gl, glandular epithelium; in, intestine; lb, left bronchus; li, liver; lu,
lung; oe, oesophagus; rb, right bronchus; sq, squamous epithelium; st, stomach; tr, trachea.
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lack of RALDH2-synthesized RA during embryonic foregut
development, we tested additional conditions in which the
supplementation was extended until E11.5 or E13.5. Both
conditions led to a consistent phenotype in Raldh2−/− mutants,
in which a lung had developed on the right side only (Fig. 1D).
Transverse sections showed a septated trachea and oesophagus
(Fig. 1I) and the presence of two stem bronchi (Fig. 1J). How-
ever, the left bronchi ended blindly without further branching
(Fig. 1K). The unilateral lungs had a single lobe (Fig. 1L) or
were imperfectly lobated (compare Figs. 1A and D), and weresmaller than wild type (WT) lungs (compare Figs. 1H and L).
Detailed examination showed the presence of structures
morphologically compatible with terminal bronchioles (Figs.
1M, N). However, the overall pattern of branching of the bron-
chial tree was not as elaborated as in WT lungs (Figs. 1H, L).
Formation of typical peripheral structures appear to have
proceeded normally in the mutants, as seen by the presence of
saccules (Figs. 1O, P). However, the peripheral air spaces were
clearly smaller in Raldh2−/− mutants and were surrounded by a
dense thicker mesenchymal layer (Fig. 1P), contrasting with the
thin network of developing alveolar septa in WT lungs (Fig.
436 Z. Wang et al. / Developmental Biology 297 (2006) 433–4451O). Thus, in vivo RA-rescue of Raldh2−/− mutants allowed
differentiation of bronchial and peripheral lung structures;
however, branching of the bronchial tree remained defective,
and the lung overall appeared to be immature.
Stomach development also proceeded to a better extent in the
RA-rescued Raldh2−/− fetuses. Two regions with squamous and
glandular epithelia were seen, indicating some degree of re-
gional differentiation (Figs. 1D, G). Altogether, however, the
stomach remained much smaller than in WT fetuses (Fig. 1A,
and data not shown).
RALDH2 is required for retinoic acid signaling in posterior
foregut derivatives
The RARE-lacZ transgene can be used as a reporter to
localize RA-responsive cells in the embryo (Rossant et al.,
1991). This transgene is strongly expressed along the foregut of
E9.5 WT embryos, at sites where the posterior pharyngeal
pouches and the trachea and lung primordia develop (Malpel et
al., 2000). At E10.5, robust expression is seen among posterior
foregut derivatives, especially in the prospective oesophageal
and stomach endoderm (Figs. 2A, F, H). Expression of the re-
porter transgene was analyzed in E10.5 Raldh2−/− embryos
after short-term RA-rescue (from E7.5 to E8.5), or after ex-
tended RA-supplementation until the day of analysis. No
RARE-lacZ activity was detected among posterior foregutFig. 2. Altered RA-reporter transgene activity in posterior foregut derivatives of Ral
Raldh2−/− embryos harboring the RARE-lacZ transgene, after extended or short-term
activity was seen in the heart region of the embryo shown in panel C (inset). (D, E) X-G
rescue. The liver capsule has been partly removed. Note the weaker staining in the m
regions of WT and Raldh2−/− mutant after extended RA-rescue, respectively. An ins
Expression of Raldh2 in the liver of E10.5 WT embryos, as seen by whole-mount in
Rarb expression in dissected livers of E10.5 WT and Raldh2−/− embryo after short-
transverse section of a WT liver. fg, foregut; ht, heart; li, liver; lu, lung; oe, oesophtissues of short-term rescued Raldh2−/− mutants, although other
regions of the embryos (e.g. the heart) expressed the transgene
(Fig. 2C). Extended RA-rescue led to detectable transgene ex-
pression along the foregut endoderm of the mutants, albeit at
levels lower than in wild-type embryos (Fig. 2B; compare Figs.
2F and G; H and I). Transgene activity was clearly seen at the
level of the stomach pocket (Figs. 2B, I), although it was almost
absent at more posterior levels which should develop into the
hindstomach (Fig. 2I, inset). Sections through the lung buds
showed RARE-lacZ activity in the peripheral mesenchyme
(prospective mesothelium) and some epithelial cells in control
embryos (Fig. 2F; Malpel et al., 2000). No activity of the
reporter transgene was seen in the rudimentary lung bud of the
rescued mutants (Figs. 2B, G).
Another tissue where RARE-lacZ activity could be
detected in Raldh2−/− mutants after extended RA-rescue
was the prospective liver capsule (Fig. 2E). This region ex-
presses the transgene at high levels in WT embryos (Fig. 2D),
presumably due to the presence of RA generated by Raldh2
which is expressed in this cell layer (Figs. 2J, K). The RARE-
lacZ transgene is expressed in a few scattered cells within the
WT liver (Fig. 2H), and this expression was not seen in the
liver of rescued Raldh2−/− mutants (Fig. 2I). We additionally
analyzed Rarb, a direct RA-target gene also expressed in the
liver capsule of WT embryos (Dollé et al., 1990; Fig. 2L).
This expression was undetectable in Raldh2−/− mutants afterdh2−/− embryos. (A–C) X-Gal staining of foregut explants from E10.5 WT and
maternal RA supplementation, respectively. As an internal control, RARE-lacZ
al staining of the liver region of aWTand Raldh2−/− embryo after extended RA-
utant. (F–I) Transverse sections through the lung (F, G) and stomach–liver (H, I)
et in panel I shows the mutant endoderm posterior to the stomach pocket. (J, K)
situ hybridization and hybridization of a transverse section, respectively. (L, M)
term RA-rescue, respectively. An inset in panel L shows Rarb expression on a
agus; st, stomach.
Fig. 3. RA deficiency affects expression of some, but not all, early determinants
of lung and stomach morphogenesis. Whole-mount in situ hybridization of E9.5
whole embryos (A–C, G–I) or dissected lung and stomach region of E10.5
embryos (D–F, J–L) with Shh (A–F), Foxa2 (G–I) or NKx2.1 (J–L) probes.
Genotypes and RA-supplementation conditions are indicated above. Arrows
indicate selective downregulation of Shh (A–C) and Foxa2 (G–I) in the
prospective lung and stomach region of the Raldh2−/− embryos. fg, foregut; lb*,
lung bud (defective or minimal budding); lu, lung; st, stomach (st*, defective
budding).
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show that posterior foregut organ derivatives are fully
deficient in retinoid signaling in Raldh2−/− embryos following
a short-term RA rescue, whereas an extended rescue until the
day of analysis (E10.5 or 11.5) allows the RA provided
maternally to activate the reporter transgene in a subset of the
regions where it is normally active (e.g. the liver capsule and
anterior stomach epithelium), although at levels lower than in
WT embryos.
Aborted lung development in retinoic acid-deficient embryos
Lung development begins with the appearance of two
endodermal buds from the ventral-lateral aspect of the
foregut, which expresses locally Nkx2.1 (Lazzaro et al.,
1991). Primary lung buds then undergo mesenchymal pro-
liferation accompanying branching morphogenesis. Prior to
and during this process the foregut endoderm also expresses
Shh and Foxa2 (also known as Hnf3β; Ang et al., 1993). We
examined expression of these genes at various stages in
Raldh2−/− mutants, following short-term or extended RA
rescue. Shh expression was present along the foregut and
notochord of rescued E9.5 Raldh2−/− embryos, although its
expression in the primary lung field appeared to be reduced
under conditions of severe RA deficiency (Figs. 3A–C,
arrows). This could be secondary to a decrease in the number
of Shh-expressing cells, rather than an effect in Shh gene
expression. The Shh pattern observed in E10.5 Raldh2−/−
embryos after extended RA supplementation revealed an
incomplete tracheal–esophageal septation (Figs. 3D, E,
insets), whereas an extended primary lung bud was present
on the right side only (Fig. 3E). The same abnormal lung
phenotype was observed whether RA was provided from E8.5
at a low or intermediate dose (100 or 350 μg/g food,
respectively), and whether the embryos were collected at
E10.5 or E11.5 (data not shown). The prospective stomach
was also reduced in size. Exclusion of Shh from the hind-
stomach, an event required for correct glandular development
(Aubin et al., 2002), occurred however in mutants after
extended RA treatment (Fig. 3E). A near absence of stomach
outpocketing, despite the presence of endodermal Shh
expression, was seen in mutants after short-term RA treatment
(Fig. 3F).
Unrescued Raldh2−/− embryos were reported to express
normal levels of Foxa2 along the posterior foregut endoderm
(Molotkov et al., 2005). We found, however, reduced Foxa2
expression in the prospective lung and stomach foregut region
of E9.5 rescued Raldh2−/− mutants, especially following
short-term RA supplementation (Figs. 3G–I). Nkx2.1 expres-
sion was analyzed at the onset of lung branching morpho-
genesis at E10.5–E11 (Figs. 3J–L). As described above, a
single (non branched) lung epithelial bud was seen on the
right side in Raldh2−/− mutants after high RA supplementa-
tion (Fig. 3K). This primary bud strongly expressed Nkx2.1
(Fig. 3K). Even under severe RA deficiency, Nkx2.1 was
strongly expressed in the prospective lung bud that failed to
grow in the Raldh2−/− embryos (Fig. 3L).Retinoic acid acts upstream of FGF10 signaling in the
developing lung and stomach
FGF10 acts through its receptor FGFR2b as an inducer of
lung budding and a chemoattractant for the lung epithelium
during branching morphogenesis (Bellusci et al., 1997a; Park et
al., 1998). The ETS domain transcription factor Pea3 and Bmp4
are targets of FGF10 expressed in distal buds (Liu et al., 2003;
Lebeche et al., 1999), and the latter serves to inhibit FGF10-
induced budding (Weaver et al., 2000). Fgf10 transcripts were
robustly expressed at the sites of lung bud growth in E10.5 WT
embryos (Fig. 4A). In contrast, these were weakly expressed at
the apex of the unilateral lung bud in Raldh2−/− embryos after
high RA treatment (Fig. 4B). Fgf10 was also expressed
Fig. 4. Downregulation of Fgf10 and of downstream targets of FGF signaling in
RA-deficient embryos. (A–I) Whole-mount in situ hybridization of explants
containing the developing lung(s) and stomach from E10.5 embryos with Fgf10
(A–C), Fgfr2 (D–F) or Pea3 (G–I) probes. Insets in panels B and H are higher
magnifications of the distal region of the mutant lung, and in panels D–F show
Fgfr2 distribution on transverse vibratome sections of the hybridized samples.
(J–M) Whole-mount immunodetection of phosphorylated ERK1/2 in explants
of the lungs, stomach (J) and liver (K), or dissected livers (L–N), of E11.5
embryos. Genotypes and RA-supplementation conditions are as indicated. fg,
foregut; in, intestine; li, liver; lu, lung; st, stomach.
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low levels in the stomach of mutants after high RA treatment
(Figs. 4A, B). These data suggest that endogenous RA serves to
generate local gradients of high Fgf10 expression in foregut
derivatives, such as the lung primordium and stomach.
Raldh2−/− embryos after short-term RA treatment showed an
absence of all domains of Fgf10 expression (Fig. 4C).
Expression of Fgfr2 was detected along the foregut endoderm
and lung epithelium in control embryos (Fig. 4D) and in the
corresponding regions of Raldh2−/− embryos (Fig. 4E), even
after short-term RA rescue (Fig. 4F). Altered mesodermal
expression of Pea3 in the lung and stomach mirrored the
reduction of Fgf10 expression in the mutant embryos (Figs.
4G–I) consistent with it acting as an FGF-dependent target.
The mitogen-activated protein kinases (MAPK), also known
as extracellular signal regulated kinases (ERK), are an
important component of tyrosine kinase receptor signaling.
FGF signaling acts at the intracellular level to phosphorylate
ERK1 and 2 (Schlessinger, 2000). With few exceptions, the
strongest sites of FGF action can be revealed in situ by
immunochemical detection of phosphorylated ERK1/2 (p-
ERK1/2) (Corson et al., 2003). We found p-ERK1/2 to be a
sensitive indicator of FGF signaling in foregut derivatives of
WT embryos (Fig. 4J, and data not shown). p-ERK1/2 staining
was hardly detectable in the unilateral lung bud of Raldh2−/−
mutants after high RA treatment (Fig. 4K), and was absent in
the prospective lung region of mutants after low RA treatment
(data not shown). In contrast, p-ERK1/2 staining was detected
in the liver of Raldh2−/− embryos, whatever the RA treatment
condition (Figs. 4K–N). A graded reduction of p-ERK1/2 was
seen, such that Raldh2−/− embryos after short-term treatment
showed the weakest immunoreactivity (compare liver staining
in Figs. 4L–N).
We consistently found reductions in liver size in Raldh2−/−
mutants following short-term RA-rescue (Figs. 4L–N). This
was not due to reduced expression of early markers of liver
induction and differentiation, as the Pbx1, Albumin and Hex
genes were correctly expressed in the septum transversum of
E9.5 unrescued Raldh2−/− mutants (data not shown). Further-
more, Albumin,Hex, andHnf4awere expressed at normal levels
in the liver of E12.5 mutants after short-term RA-rescue (data
not shown). It therefore appears that retinoid deficiency affects
the growth of the liver primordium, rather than its differentia-
tion potential.
Downstream targets of retinoic acid signaling
Anteroposterior (AP) patterning of the gut, like the rest of the
embryo, depends on the regulated expression of Hox genes,
some of which are expressed in the developing lung (Bogue et
al., 1994; Mollard and Dziadek, 1997; Volpe et al., 1997). Of all
existing Hox mutants, only Hoxa5−/− mice exhibit defective
lung morphogenesis and stomach regionalization (Aubin et al.,
1997, 2002). As previously described (Aubin et al., 2002),
Hoxa5 transcripts were detected in the trachea, lung and sto-
mach mesenchyme of E11.5 WTembryos (Fig. 5A, and data not
shown). Hoxa5 was expressed at a low level in the unilateral
Fig. 5. RA deficiency affects Hox and Tbx gene expression in developing lung.
Whole-mount in situ hybridization of explants containing the developing lung(s)
and stomach from E10.5 embryos with Hoxa5 (A–C), Tbx4 (D–F) or NKx2.5
(G–I) probes. Genotypes and RA-supplementation conditions are indicated
above. The inset in panel B shows a younger embryo at the initial stage of lung
budding. fg, foregut; ht, heart; lu, lung; py, pyloric region; st, stomach.
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although expression was high in the anterior stomach me-
senchyme (Fig. 5B). Low levels of Hoxa5 expression were
already seen in mutants at E10.5 during initial lung budding
(Fig. 5B, inset). Under more severe RA deficiency, Hoxa5
expression was hardly detectable in the mutant foregut region
(Fig. 5C). Reduction of Hoxa4 expression was also observed in
Raldh2−/− mutants (data not shown).
T-box (Tbx) transcription factors are key regulators in many
events in vertebrate development (Chapman and Papaioannou,
1998; Rodriguez-Esteban et al., 1999; Bruneau et al., 2001; and
refs. therein). In the chick, Tbx4 is expressed in the lung
mesenchyme (Gibson-Brown et al., 1998) and its ectopic ex-
pression activates Fgf10 and induces ectopic lung budding
(Sakiyama et al., 2003). Tbx genes may have redundant
functions in the lung, as knockout of Tbx4 or Tbx5 does not
alter mouse lung development (Naiche and Papaioannou, 2003;
Bruneau et al., 2001) yet treatment of cultured mouse lung
explants with antisense oligonucleotides to either Tbx4 or Tbx5
inhibits Fgf10 expression and lung branching (Cebra-Thomas et
al., 2003). We examined the expression of Tbx4 in E11.5 RA-
deficient embryos and found relatively high transcript levels inthe distal mesenchyme of the right-side lung bud in Raldh2−/−
mutants after extended RA supplementation, while expression
was very low in the aborted left-side lung bud (Figs. 5D, E).
Tbx4 expression was extinguished in the Raldh2−/− foregut
under conditions of severe RA deficiency (Fig. 5F). Tbx2 and
Tbx5 expression was similarly downregulated in mutant em-
bryos (data not shown). These findings suggest that T-box genes
are RA-dependent in various developing systems, as Tbx5 and
Tbx20 have also been shown to be downregulated in the heart
and forelimb of Raldh2−/− mutants (Niederreither et al., 2001,
2002; Stennard et al., 2003; Mic et al., 2004).
The Nkx2.5 homeobox gene marks the developing pyloric
spincter (Fig. 6G) (Lints et al., 1993; Tanaka et al., 1998) a
domain present in Raldh2−/− mutants, even under short-term
RA supplementation (Figs. 6H, I) indicating that intrinsic
patterning and pyloric spincter specification occurs within the
prospective stomach of Raldh2−/− embryos, despite its lack of
morphological development.
Lung branching can occur in the absence of RALDH2
The complete absence of lung growth in the most RA-
deficient Raldh2−/− mutants shows that RA is required during
FGF10-induced primary lung budding. However, there is
evidence in WT mice that, once primary buds form, down-
regulation of RA signaling in the distal lung is critical for proper
Fgf10 expression and for normal branching morphogenesis
(Malpel et al., 2000). It is thus unclear whether the reduced
branching (or lack of branching in the case of the left lung)
observed in Raldh2−/− mutants after extended RA supplemen-
tation reflects an abnormal effect of the RA delivered sys-
temically in the distal lung region, rather than a consequence of
defective endogenous synthesis. To clarify these points, we
performed additional experiments in which the RA supplemen-
tation was performed at a higher dose during the phase of lung
branching.
Supplementation was thus performed at a dose of 500
(instead of 350) μg/g of food between E8.5 and E12.5, and the
lungs were examined at E12.5. In these conditions, both WT
and Raldh2−/− embryos exhibited some signs of RA teratoge-
nicity (including a caudal truncation; data not shown), although
lung development appeared to proceed normally in the WT
embryos (Fig. 6A). Some of the Raldh2−/− mutants had de-
veloped unilateral lung buds with secondary and tertiary branch
points (Fig. 6B). Increased Fgf10 levels at sites of distal lung
growth were clearly observed in the mutants (Figs. 6B, C). This
condition did not improve left lung development, or hardly
improved it, as in the best cases a short, non branched left lung
bud was observed in mutants (Fig. 6B, inset). As further
evidence that molecular events of lung branching occurred in
the mutants, we examined Bmp4 expression, and indeed found
multiple sites of expression in the rescued Raldh2−/− right-side
lungs (Fig. 6D). Expression of the gene encoding Surfactant-
associated protein C (Sp-C) was also induced in the distal
epithelium, indicating an onset of molecular differentiation
(Fig. 6C, inset). These experiments show that when provided at
high enough levels, exogenous RA can rescue growth and
Fig. 6. (A–D) High levels of maternal RA can rescue bilateral lung budding and right-side lung branching in Raldh2-deficient embryos. Lungs from WT (A) and
Raldh2−/− embryos (B–D) were dissected at E12.5 after maternal RA supplementation at 100 μg/g from E7.5 to E.85 and 500 μg/g thereafter, and hybridized with
Fgf10 + Shh (A, B), Fgf10 (C), Sp-C (inset in panel C) or Bmp4 (D). (E–M) RA and FGF10 rescue lung budding and early branching in explant cultures of Raldh2−/−
foreguts. The foregut region of E8.5WT (E, F, J) and Raldh2−/− (G–I, K–M) embryos was dissected and placed in culture medium. Culture mediumwas supplemented
daily with RA or FGF10 (concentrations as indicated). After 4 days of culture, the samples were hybridized with Shh to visualize the endodermal derivatives.
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presence of high levels of Fgf10 at distal sites of epithelial
growth. These results are consistent with the fact that a branched
and relatively differentiated right-side lung can develop in
Raldh2−/− fetuses following an extended RA supplementation
(see Fig. 1).
Embryo foregut explant cultures were used as an additional
system to test if the absence of left-side lung budding and/or
branching in Raldh2−/− mutants was due to a requirement for
higher RA levels in the left lung field, which might be achieved
by providing high RA concentrations in the culture medium, or
to intrinsic left–right differences that might not be rescued even
in culture. Bilateral lung budding and primary branching was
observed in most WT explants after 4 days of culture in control
(RA-deficient) medium (Fig. 6E), while Raldh2−/− foregut ex-
plants showed no sign of lung bud formation (data not shown;
see Desai et al., 2006). When RA was added to the culture
medium at a concentration of 10−7 M, WT explants developed
normally (data not shown), whereas Raldh2−/− foreguts
developed bilateral lung buds (Figs. 6H, I). Although slower
in their growth when compared to the WT explants, some of the
Raldh2−/− lung buds showed a unilateral secondary branching
event (Fig. 5I). Interestingly, when RAwas supplied at 10−6 M,
ectopic lung buds appeared bilaterally in both WT and
Raldh2−/− explants (Figs. 6F, G). Thus, it appears that bilateral
lung budding can occur in a Raldh2−/− deficient foregut ifplaced in a sufficiently RA-rich environment, although excess
RA levels lead to a loss of position-specific budding.
We also tested whether the presence of FGF10 might rescue
lung development in the Raldh2−/− foregut explants. When
foregut explant cultures were supplemented with 100 ng/μl of
FGF10, WT samples showed normal morphology (Fig. 6J),
with sometimes a secondary branching event (inset). This
condition led to the development of bilateral lung buds, with
sometimes a secondary branching, in the Raldh2−/− explants
(Figs. 6K–M). Thus, the presence of FGF10 through the culture
medium is able to rescue primary lung budding and initiate lung
branching in Raldh2-deficient embryonic foreguts.
Discussion
Retinoic acid produced by RALDH2 regulates several steps in
lung development
Various experimental models of deficient retinoid signaling
have indicated that lung development requires endogenous RA.
Dietary vitamin A deprivation in rats or compound inactivation
of RARα and β in mice result in unilateral or bilateral lung
hypoplasia or agenesis (Wilson et al., 1953; Mendelsohn et al.,
1994; Dickman et al., 1997). Treatment of E8.0 mouse embryos
with a pan-RAR antagonist inhibits primary lung bud outgrowth
and causes a failure of formation of the oesophagotracheal fold,
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Molecularly, RAR antagonism interferes with Nkx2.1 and Fgf10
expression at the 8–15 somite stage, and vitamin A-deficient rat
embryos show downregulation of the same genes at later stages
of lung development (Desai et al., 2004).
We have recently reported that Raldh2−/− embryos exhibit
arrested lung bud development, both at the morphological and
molecular levels, as seen by a defective local induction of
NKx2.1 and Fgf10 (Desai et al., 2006). As these mutants die at
~ E10, in vitro culture of foregut explants has been used to show
that exogenous RA can rescue primary lung budding in
Raldh2−/− foreguts; it was further shown using selective RAR
agonists that RARβ signaling is required to rescue lung budding
and Fgf10 expression in Raldh2−/− foregut explants (Desai et al.,
2006). We now describe a system relying on stage-specific
maternal RA supplementation, which allows to study lung
development in Raldh2−/−mutants, in an in vivo situation and at
various embryonic and fetal stages. Two strikingly distinct lung
phenotypes were obtained according to the duration of the RA-
rescue. Following short-term rescue of the embryonic lethality
by providing RA from E7.5 to 8.5, the Raldh2−/− mutants
displayed a complete absence of lung development, indicative of
an arrest at the early lung bud stage. Providing maternal RA
throughout later stages led to a unilateral left-side lung agenesis
and the development of small right-side lungs characterized by a
reduced branching. Extensivemolecular analysis was carried out
using this in vivo model, which showed the presence of NKx2.1
expression even in the arrested lung buds after short-term rescue,
but clearly implicated defective Fgf10 expression and down-
stream signaling in the abnormal lung phenotypes, both after
short-term and long-term rescue. The in vivo rescue system also
allowed to characterize defects in stomach and liver develop-
ment (see below).
What remains to be established is why under conditions of
extended RA supplementation, lung development proceeds
predominantly on the right-side in Raldh2−/− mutants. This is
reminiscent of the fact that RAR/RXR compound mutant mice
and vitamin A-deficient rat fetuses sometimes display left-side
unilateral lung agenesis (Wilson et al., 1953; Mendelsohn et al.,
1994; Mascrez et al., 1998). In WT embryos endogenous
Raldh2 expression and RARE-lacZ transgene activity, although
ubiquitously activated in the primary lung buds, are then
extinguished in regions of mesodermal branching and Fgf10
expression (Malpel et al., 2000). Reduced lung growth and
branching in Raldh2−/− embryos distinctly indicates that the
lung primordium requires high regionally-enriched RA levels
produced by RALDH2. This is consistent with our previous
conclusions relating to posterior pharyngeal arch development,
which was found to require region-specific high levels of
RALDH2 activity (Niederreither et al., 2003; Vermot et al.,
2003). A left–right bias in the severity of other phenotypic
defects has been previously observed in Raldh2−/− mutants. For
instance, forelimb development in the RA-supplemented
mutants is often impaired to a greater extent on the left side
(Niederreither et al., 2002). Defective looping of the heart tube
and asymmetric left–right somite development in the unrescued
Raldh2−/− embryos suggest functional interferences betweenRA signaling and molecular determinants of the left–right axis
(Niederreither et al., 2001; Vermot et al., 2005, Vermot and
Pourquié, 2005; Sirbu and Duester, 2006). The details of the
cross-talk between these signaling pathways remain to be
clarified.
Retinoic acid regulates FGF signaling to control lung, stomach
and liver growth
Dynamic interactions between growth factors such as FGF10
and BMP4 control primary lung bud growth and budding.
FGF10 produced in the distal mesenchyme acts as a positive
mediator of bud extension, causing net movement of the
epithelium by promoting proliferation and chemotaxis (Park et
al., 1998; Bellusci et al., 1997a). While endodermal Shh may
serve to decrease Fgf10 expression (Bellusci et al., 1997b;
Lebeche et al., 1999), FGF10 induces Bmp4 expression, which
can negatively regulate budding and proliferation. FGF signaling
also induces the expression of intracellular inhibitors such as
Sproutys (Hashimoto et al., 2002; Perl et al., 2003) and PEA3,
whose function is to maintain a distal phenotype in the lung (Liu
et al., 2003). The resulting inhibition of FGF signaling is fo-
llowed by a lateral upregulation of Fgf10 at regions of low Bmp4
expression to allow for side branching (Weaver et al., 2003).
We found that in Raldh2−/− mutants after extended systemic
RA supplementation, Fgf10 is expressed at abnormally low
levels in the distal mesenchyme of the unilateral right-side lung
bud. Correct Fgf10 distribution in the stomach mesenchyme
also relies on RALDH2 activity. Under extended RA treatment
in Raldh2−/− mutants, Pea3 expression delineates precise
domains of the forestomach. The hindstomach, from which
the glandular stomach derives, never forms in Raldh2 mutants.
Exclusion of Shh in the hindstomach is also required for its
correct formation (Aubin et al., 2002), and can still be seen in
Raldh2 mutants.
Along with the stomach, retinoid deficiency in the
Raldh2−/− embryos affects liver size in a stage-dependent
manner. While no other retinoid deficiency model has reported
defects in embryonic or fetal liver development, RXRα
mutants exhibit a transient delay in liver growth (Kastner
et al., 1994; Sucov et al., 1994). Signaling molecules that can
elicit liver induction include FGF1 and FGF2 originating from
the cardiac mesoderm and acting through hepatic FGFR1 and
4 (Jung et al., 1999). While liver specification and initial liver
bud induction can occur in Raldh2 mutants, liver size depends
on the duration of RA supplementation. Reductions in p-
ERK1/2 levels strongly suggest that reduced FGF signaling is
responsible for the growth deficiency, although FGF-indepen-
dent components of the RAS-MAPK pathway could be
involved. Several Fgfs are expressed in the cardiac mesoderm,
including Fgf1 and 2 (Jung et al., 1999), Fgf4 (Zhu et al.,
1996), Fgf8 (Crossley and Martin, 1995) and Fgf17 (Maruoka
et al., 1998), and we have yet to determine which is most
affected by retinoid deficiency. Recently, Serls et al. (2005)
proposed that higher levels of FGFs are required to pattern the
lung than the liver. Our data extend this model, as the levels of
FGF signaling in the RA-rescued Raldh2−/− mutants are able
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morphogenesis. In addition, other mesodermal signals could be
involved. These include BMPs originating from the septum
transversum, which are capable of inducing GATA4 expression
(Rossi et al., 2001). Deficient GATA4 expression is observed at
an early stage in the heart forming region of vitamin A-
deficient quail embryos (Kostetskii et al., 1999). All these
factors could contribute to the liver growth deficiency in the
Raldh2−/− mouse mutants.
A model for sequential regulation of foregut morphogenesis by
retinoic acid
Regionalization of the gut tube is linked to that of the entire
embryo. RA has been implicated as a signal controlling re-
gionalization, as RA deficiency or excess can alter anteropos-
terior (AP) patterning of various embryonic structures,
including the axial skeleton and the hindbrain (Kessel and
Gruss, 1991; Niederreither et al., 2000; White et al., 2000; and
refs. therein). Important mediators of AP patterning are Hox
genes, some of which show lung expression patterns (Pitera et
al., 1999, Cardoso, 1995; Bogue et al., 1994; Volpe et al., 1997;
Aubin et al., 1997). There is strong evidence to suggest that in
the lung Hox genes may be direct RA targets (Bogue et al.,
1994; Cardoso et al., 1996; Packer et al., 1998). Mutation of a
consensus RA-response element (RARE) found in the 5′-
flanking region ofHoxa4 eliminates RA-responsiveness and the
ability to drive activity of a reporter transgenic construct in the
lung and gut (Packer et al., 1998). In cultured embryonic mouse
lungs, Hoxa4 and Hoxa5 can be induced by RA (Bogue et al.,Fig. 7. A model for RA-dependent events in foregut and lung development. (A) Wild-
restricted (i.e. present throughout the mesoderm) in the embryonic foregut, is necessar
likely act via Tbx genes to induce FGF10 signaling, that will initiate lung budding.
BMP4, Shh and other players, then regulates branching events. Once the lung primor
(and eventually decreases in late gestation). (B) In Raldh2-deficient mutants after shor
Tbx gene induction and FGF10 signaling, leading to disruption of lung development
may not reach those normally achieved by endogenous synthesis, and endogenous
eventually leads to diffuse or less localized Fgf10 expression, which is less effective
proceed beyond the primary bud stage, the right-side lung can develop, although m1994; Packer et al., 2000), potentially through shared regulation
by the Hoxa4 RARE-containing enhancer. Analysis of Raldh2
mutants indicates that the early expression of Hoxa4/a5 in the
lung bud is RA-dependent. In the event of unilateral budding in
the mutants Hoxa4/a5 expression follows the aberrant mor-
phology. We suggest that RA is acting as a “permissive” signal
that need not be spatially restricted, but is nevertheless ne-
cessary to allow induction of Hox genes that will set lung
position (Fig. 7).
Potential downstream Hoxa4/a5 targets may be the T-box
genes, also believed to relay positional information (reviewed
in Showell et al., 2004). In chick Tbx4 misexpression induces
ectopic Fgf10 expression and ectopic lung budding (Sakiyama
et al., 2003). In the mouse lung in vitro Tbx4 or Tbx5
inactivation disrupts Fgf10 expression and branching mor-
phogenesis (Cebra-Thomas et al., 2003). While altered Tbx
gene expression has been correlated with growth or
morphogenesis defects in RA-deficient embryos (Niederreither
et al., 2001; Stennard et al., 2003; Mic et al., 2004), no
RAREs have been found so far in T-box gene promoters.
However, several Tbx-binding sites exist in the Fgf10
regulatory regions (Agarwal et al., 2003). We propose a
model in which RA directly induces Hoxa4/a5, which then
regulate targets including Tbx4 and Tbx5 (Fig. 7). Following
this step there is evidence that Tbx4/Tbx5 can induce Fgf10
expression. Induction of FGF-dependent growth factor
signaling cascades (evidenced by pERK1/2 accumulation
and D-cyclin expression) then produces a region-specific
stimulation of mesenchymal proliferation at the initial sites of
lung and stomach growth.type lung development. RALDH2-mediated RA synthesis, although not spatially
y to achieve high expression levels ofHox genes that will set lung position. These
Induction of an RA-independent distal signaling center, which includes FGF10,
dium is formed, RA production by RALDH2 is mostly seen in proximal regions
t-term rescue, lack of RA synthesis in the foregut results in disruption ofHox and
. (C) Upon extended rescue of the mutants, RA levels in the embryonic foregut
gradients of RA activation are lacking as RA is ubiquitously available. This
in inducing distal bud formation and growth. While the left-side lung does not
arkedly deficient in growth and branching.
443Z. Wang et al. / Developmental Biology 297 (2006) 433–445The next step in a regulated model for iterative lung
branching and controlled lung growth is the maintenance of
high levels of Fgf10 in areas of growth, with a downregulation
at sites of branching. The exclusion of Raldh2 expression from
distal sites of Fgf10 expression in the WT lung (Fig. 7; Malpel
et al., 2000) and the fact that excess RA inhibits branching
morphogenesis in cultured E12 lungs (Chazaud et al., 2003)
suggested that the uniform RA distributions resulting from
maternal rescue of Raldh2−/− mutants would not allow the lung
to branch. It was found however that, when supplied enough
RA, the Raldh2−/− lungs can branch unilaterally and initiate
differentiation of peripheral structures. Raldh2 deficiency,
though, never allows high levels of FGF10 downstream
signaling, and lung growth is drastically retarded (Fig. 7). In
Raldh2 mutants under extended RA rescue, mesenchymal
expression of signals such as p-ERK1/2 or BMP4, which are
normally restricted to local regions, are more diffuse. This is
consistent with the idea that local RA production within the
developing lung depends on RALDH2. In Raldh2−/− mutants
endogenous localized RA production is abolished, and under
RA supplementation in vivo or in explant culture, where the
ligand is ubiquitously available throughout the lung field, a
normal growth rate never occurs. Such conditions are clearly
incompatible with proper lung morphogenesis required for
neonatal survival.
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